• Patients with sickle cell disease have greater microvascular oxygen consumption rates than healthy individuals.
Introduction
Sickle cell disease is a blood disorder caused by homozygous or compound-heterozygous inheritance of abnormal hemoglobin-b chains that form hemoglobin S. Patients with sickle cell disease endure pain crises that may last days and occur multiple times each year. 1, 2 The etiology of painful crises is unknown but may involve blockage of vessels by sickled and adherent blood cells, 3 followed by ischemia reperfusion injury 4 and local inflammatory responses. 5 Inflammation, in addition to increasing pain, can increase oxygen consumption 6, 7 and might have adverse effects on hemoglobin oxygenation and sickling when oxygen delivery is limiting. We hypothesized that sickle cell patients would have increased rates of oxygen consumption during acute pain crisis. We measured microvascular oxygen consumption and systemic biomarkers of inflammation in healthy African American volunteers, in patients with sickle cell disease in clinical steady state, and in patients both during pain crisis and after recovery.
Study design Patients
The Institutional Review Board of the National Heart, Lung and Blood Institute approved clinical protocol 12-H-0101 specifically for this study. All participants provided written informed consent in accordance with the Declaration of Helsinki. See http://www.clinicaltrials.gov/ct2/show/ NCT01568710 and supplemental Table 1 (available on the Blood Web site) for enrollment criteria. Pain crisis was defined as acute pain occurring in a typical distribution requiring hospital admission and parenteral analgesia. Acute crisis studies were performed within 36 hours of admission, after patients had received intravenous fluids and pain medications. Follow-up studies were performed more than 3 weeks after resolution of acute pain symptoms.
Near-infrared spectroscopy and oxygen consumption calculation
Near-infrared spectroscopy has been validated against magnetic resonance spectroscopy as a measure of local oxygen consumption in muscle. 8 We used the Inspectra 650 (Hutchinson Technology, Hutchinson, MN) to record tissue hemoglobin oxygen saturation 9 (StO 2 ) and tissue hemoglobin index 10 (THI; a measure of hemoglobin signal strength) every 2 seconds during a 5-minute brachial artery occlusion. Oxygen consumption (VO 2 ) was calculated as the sum of each change in StO 2 over each 2-second interval, weighted by the THI, all divided by the duration of occlusion t.
Our approach is similar to existing methods 11 but does not assume a linear decline in hemoglobin saturation. Raw data were processed and analyzed with custom scripts in R. The online version of this article contains a data supplement.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734.
BLOOD, 15 MAY 2014 x VOLUME 123, NUMBER 20 3101
For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Statistics Unpaired t tests, Mann-Whitney U tests, paired t tests, or Wilcoxon matchedpairs signed-rank tests were performed where appropriate using GraphPad Prism 6 (GraphPad Software, San Diego, CA). Data are presented as median (interquartile range).
Results and discussion

Microvascular oxygen consumption
We estimated microvascular oxygen consumption by monitoring the decline in hemoglobin oxygen saturation in the thenar eminence while preventing arterial inflow from the brachial artery. Figure 1 and Table 1 . Taken together, these results suggest that oxygen consumption is chronically elevated in sickle cell patients in steady state, increases acutely during pain crisis, and then returns to a steady-state baseline after recovery from crisis.
Inflammatory biomarkers
We assessed each patient's inflammatory state by neutrophil count and C-reactive protein (CRP) concentration. Absolute neutrophil count was elevated during acute pain crisis compared with steady state (crisis: 5. and decreased after resolution of crisis to 6.0 (2.0-8.7) mg/L (P , .05). Our findings of elevated inflammatory biomarkers during sickle cell pain crisis are consistent with previous studies showing elevated neutrophil count and CRP in steady state with further elevation during pain crisis, though we did not observe an elevated neutrophil count in steady state compared with healthy individuals as previously reported. 13, 14 The observational nature of this study does not allow us to causally link inflammation with increased oxygen consumption; however, these data emphasize the relevance of inflammation to the pathophysiology of sickle cell disease, especially during pain crisis.
Possible causes of elevated oxygen consumption
Several factors might elevate oxygen consumption in sickle cell disease and in pain crisis specifically. In steady state, patients with sickle cell disease experience elevated resting energy expenditure, requiring greater systemic oxygen consumption. 15, 16 This has been attributed to an increased rate of protein synthesis at sites of erythropoiesis. Although oxygen consumption was greater in steady state compared with healthy individuals (0.91 [0.75-1.07] vs 0.75 [0.62-0.94] 2DHbO 2 /min, P , .05), our measurements are more likely to reflect the local density and activity of intravascular blood cells and myocytes rather than the metabolic demands of erythropoiesis at distant sites. Oxygen consumption by inflammatory cells in the blood contributes measurably to both local and systemic oxygen consumption; stimulation of phagocytes by phorbol myristate acetate elevated total body oxygen consumption by 18% in guinea pigs and was prevented by coadministration of a reduced NAD phosphate oxidase inhibitor, indicating that the respiratory burst of phagocytes was responsible for systemic changes in oxygen consumption. 17 Similarly, controlled exposure to endotoxin, a potent inducer of inflammation, increased total body oxygen consumption by 39% in human volunteers. 7 Our observations that sickle cell patients in pain crisis have local oxygen consumption rates that are 24% greater than steady state (P , .01) and 46% greater than healthy volunteers (P , .0001) are similar in magnitude to the changes induced by acute inflammatory stimuli such as phorbol myristate acetate and endotoxin.
In addition to the cellular activity of reduced NAD phosphate oxidase, the process of hemoglobin autoxidation may contribute importantly to microvascular oxygen consumption. Previous studies have attributed the enhanced production of reactive oxygen species Figure 1 . Elevated oxygen consumption, neutrophil count, and CRP during sickle cell pain crisis. Thenar eminence microvascular oxygen consumption (A; VO 2 ), absolute (Abs) neutrophil count (B), and CRP levels (C) were greater among sickle cell disease (SCD) patients in pain crisis than among patients in steady-state or healthy individuals. Horizontal lines indicate the median for each group. Significance levels are indicated by *P , .05, **P , .01, and ns (not significant).
in sickled erythrocytes to reactions catalyzed by hemoglobin, 18 possibly augmented by increases in membrane-bound heme iron and free iron. 19 In this study, we found that sickle cell patients in crisis had greater concentrations of methemoglobin in venous blood than did patients in steady state or healthy individuals (crisis: 1.70 [1.43-2.00]%, steady state: 1.40 [1.13-1.65]%, P , .01; healthy: 0.70 [0.60-0.80]%, P , .0001). This suggests an increased rate of hemoglobin autoxidation during sickle cell pain crisis, though impaired reduction of methemoglobin may also play a role. 20 Mitochondrial activity could also potentially contribute to increased oxygen consumption during crisis through altered cellular respiration or generation of reactive oxygen species. 21 Although oxygen consumption at the thenar eminence was elevated among patients experiencing sickle cell pain crisis, it is conceivable that oxygen consumption would be greater still at sites of pain where activated inflammatory cells would be more concentrated. 22 Imaging modalities such as computed tomography and magnetic resonance imaging combined with markers of oxygen consumption might better elucidate the changes in oxygen consumption that occur at sites of pain. Nevertheless, the simplicity and safety of near-infrared spectroscopy combined with controlled brachial artery occlusion facilitated the first measurements of microvascular oxygen consumption during sickle cell pain crisis. The discovery of elevated oxygen consumption during crisis identifies a potential new target for the treatment of acute pain crisis.
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